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Summary. UV spectral and thermodynamic effects accompanying hydrogen bond formulation of
p-nitrophenol with triethylamine and tri-n-butylamine were studied, using chlorobenzene and
o-dichlorobenzene as reaction media. The equilibrium constants of the DH-+B<DHB reactions
(DH=p-nitrophenol, B=base) were determined, and the associate enthalpy changes were calcu-
lated from the temperature dependences of the equilibrium constants. Deuteration of p-nitrophenol
caused no detectable changes either in the spectra or in the thermodynamic characteristics of the
hydrogen-bonded complexes. Linear correlations between 4H and Av, as well as between A4S and
4H, are found unique for diffetent solvents, where Av is the red shift of the UV band of p-nitro-
phenol induced by hydrogen bond formation in the wavenumber scale, and AH and A4S are the
enthalpy and entropy changes of the complex formation reaction, respectively.

The equilibrium constants, as well as the associate enthalpy and entropy changes,
were reported in [1, 2] for the association reactions of the type

(1) DH+B=DHB,

involving p-nitrophenol and several aromatic amines, mainly in chlorobenzene
solution (DH=proton donor, B=base). In the recent study of Hudson, Scott,
and Vinogradov [3] similar data were reported for the hydrogen-bonded complexes
of p-nitrophenol with dioxane, n-butylamine, and triethylamine. In order to obtain
the data relating to strongly basic amines in polar media we have studied hydrogen
bond formation of p-nitrophenol with triethylamine and tri-n-butylamine in chloro-
benzene and in o-dichlorobenzene solution. In this way experimental data are
completed, necessary for the study on the expected correlations between the electro-
nic spectral and thermodynamic effects accompanying hydrogen bond formation
of p-nitrophenol in different systems.

As it was reported in [4], absorption spectra of the hydrogen-bonded complexes
of p-nitrophenol with tertiary amines, formed in polar media (like chlorobenzene),
consist of two overlapping bands, one at approx. 225—230 nm and the other in
the vicinity of 400 nm. The appearance of the latter indicates a certain degree of
proton transfer within the DHB complex. It is not clear yet whether the proton
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transfer consists in a thermic reaction necessitating activation energy, or in tunnel-
ling. If the first of the two possible mechanisms actually occurred, the concept of
the tautomeric equilibrium

Q) DH ... B=D ... HB

as first suggested by Bell and Barrow [5], would be applicable to the corresponding
system. On the other hand, if the proton transfer consisted in tunnelling, there
would be a single form of existence of the DHB hydrogen-bonded complex, whose
real structure might be represented by the two limiting protonomeric structures [6]:

3) DH ... B&D ... HB.

It seemed probable that a DHB complex, being an equilibrium mixture of two tauto-
meric modifications, might differ markedly in its thermodynamic characteristics
from that in which the same degree of proton transfer due to tunnelling occurs.
With this in view, the equilibrium constants and other thermodynamic parameters
have been determined for the ordinary and the deuterated p-nitrophenol. It was
expected that the substitution of deuteron for proton might reduce the tunnelling
mechanism of particle transfer if the two mechanisms were about equivalent in
the protonated complex.

Experimental

Purification of materials and other experimental procedures were as those described in [4].
Deuterated p-nitrophenol, obtained frem the Institute of Organic Chemistry of the Poiish Aca-
demy of Sciences, Warsaw, was dried by prolonged storing in a dessicator over potassium hydroxide
and used without further purification.

Results and discussion

A series of spectra corresponding to a constant concentration of p-nitrophenol
and a number of different concentrations of triethylamine in chlorobenzene solu-
tion was reported in [4]. The results presently obtained for solutions in o-dichloro-
benzene are similar in that the spectrum of the hydrogen-bonded complex with
maximum at 328.5 nm exhibits a shoulder indicating a second overlapping band
in the vicinity of 400 nm. An isosbestic point in the set of absorption curves is also
observed, indicating a single equilibrium of type (1). This conclusion is additionally
supported by the fact that at a certain concentration of the amine the limiting
spectrum corresponding to the complete transformation of p-nitrophenol into the
hydrogen-bonded complex is obtained (Fig. 1). It is only at considerably higher
amine concentrations that further changes in the spectrum occur, corresponding
to not so well-defined equilibria. They have not been studied here.

Spectral effects accompanying hydrogen bond formation of p-nitrophenol
with tri-n-butylamine in chlorobenzene and o-dichlorobenzene solutions (Figs.
2 and 3) are similar to those found for the corresponding systems involving triethyl-
amine. The difference consists in different dependences of the spectral changes
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on the concentration of the amine, considerably higher concentrations of the amine
being necessary for the complete transformation of p-nitrophenol into the complex.
It is to be noted, however, that the present results indicate but a small degree of
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Fig. 1. Dependences of the optical densities of the p-nitrophenol (6.29 X 10~ °M) +triethylamine
solutions in chlorobenzene on the concentration ratio of the base (B) and the proton-donor (DH);
20°C
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. 2. Absorption spectra of the p-nitrophenol (6.21 %10~ >M)+tri-n-butylamine (concentration
variable from 0, curve 1, to 0.07 x10-2 M, curve 7) solutions in chlorobenzene; 20°C
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proton transfer within the DHB complex involving tri-n-butylamine in chloro-
benzene solution. No detectable differences in the spectra. have been observed
between the systems involving deuterated and non-deuterated p-nitrophenol.
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Fig. 3. Absorption spectra of the p-nitrophenol (6.29 X 10~° M) +tri-n-butylamine (concentration
variable from 0, curve I, to 9.28 x 10-2 M, curve 7) solutions in o-dichlorobenzene; 20°C

Apart from the question whether the DHB hydrogen-bonded complex is a single
species of an equilibrium mixture of two structural modifications differing in the
position of the proton, in equilibrium studies it behaves as a single complex whose
equilibrium constant can be determined by standard spectrophotometric methods.
Here the well-known Rose—Drago method [1] has been used to evaluate the spectro-
photometric data. The resulting values of the equilibrium constants for the type
(1) reactions determined at 20", 25°, and 30°C, are listed in Table I. To determine
whether or not deuteration of the phenolic group of p-nitrophenol will result in
a detectable change in the thermodynamic characteristics of the DHB complex
involving the strong bases in polar media an entirely new series of experiments
involving new materials has been performed. In these new experiments the equi-
librium constants for the protonated and deuterated p-nitrophenols have been
determined in parallel, identically performed experiments. As a result, a new se-
ries of data for the non-deuterated complexes have been obtained, differing within
the experimental error from the older ones. In Table I we report both, as they con-
firm the reliability of the data. The other thermodynamic parameters, 4H and
4S8, for the reactions of type (1) were calculated as usually, while making use of
the temperature dependences of the equilibrium constants.

In Table I are collected the basic spectral characteristics, An., and ¢,,, of the
hydrogen-bonded complexes of p-nitrophenol formed in the systems studied, along
with the derived thermodynamic parameters, K, AH, and 4S. Inspection of the
data shows that the deuterated and non-deuterated complex of p-nitrophenol,
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not only with the relatively weak amines like pyridine, but also with stronger ones,
forming complexes with a marked degree of proton transfer, display the same
(within the experimental error) spectral and thermodynamic characteristics. This
may be due to the fact that on passing from the non-deuterated to the deuterated
p-nitrophenol no change in the nature of the particle transfer occurs. No argument
in favour of any of the two possible interpretations of the proton transfer, observed
in the systems involving triethylamine and tri-n-butylamine in the two polar sol-
vents, chlorobenzene and o-dichlorobenzene, can therefore be obtained in this way.

Apart from the above question as to the nature of proton transfer within some
of the DHB complex of p-nitrophenol, the present results together with the pre-
vious ones provide a good basis for the study on the correlations between the
spectral and thermodynamic effects accompanying hydrogen bond formation of
p-nitrophenol. The relevant data are collected in Table II. In the second column

T+ BLE II

Spectral and thermodynamic characteristics of hydrogen-bonded complexes of p-nitrophenol at 25°C

| | & | Kus | 4H | 4s

; Base (pK,) ‘ Solvent cm-1 molf‘dmﬂi Keal ‘ cal/K -1 | Ref.
1| 2-chloropyridine (13.28) | chlorobenzene | 1320 | 19(+ 3) 61 | 145 [2]
"2 3-chloropyridine (11.16) | chlorobenzene | 1470 | 54(+3) | 72 | 16 2]
3 pyridine (877) " benzene 1690 | 116(£5) I R O
4 | pyridine chlorobenzene 1770 | 250+10 | 7.8 | 152 | —
5| pyridine odichloro- | | T
benzene | 1850 | 385--10 8.4 16.4 —
6 2-methylpyridine (8.03) | chlorobenzene | 1820 375(£10) 85 | 17 | 2]
7 Smethylyridine (833 hlorobenvene | 1370 | 96(£10) 86 17| @1
8 | triethylamine (3.27) chlorobenzene | 2400 [ 270(£10), 103 ‘ 214 | —
9 ticthylamine  o-dichloror | T “* !7 o
| benzene 2650 (105e(+10)) 115 | 247 | =
10 | trin-butylamine (3.17) | chlorobenzene | 2400 | 260(£10) 67 | 114 | —
11 trin-butylamine | o-dichloro- | A B e
o bemene 230 355(i10) 87 | 178 | —
12 | dioxane cyclohexane 1300 | — ‘ 7.03 | 155 ;‘ [3]
S I 08 &3
13 n-butylamine cyclohexane 2180 — 9.21 16.0 | [3]
(£0.63) | (42.3)
14 tricthylamine (3.27)  cyclohexane | 2390 — 103 | 206 Bl

('a‘f;0.4}) (£1.5)

of Table IT are listed the amines acting as the bases in the type (1) reactions with
the values of their basicity constants (relating to aqueous solution) indicated. For
most of the amines the equilibrium constants have been determined in chlorobenzene
solution, while for some of them the data relatin g to benzene and o-dichlorobenzene
as the reaction media have also been obtained, as indicated in the third column.
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Included are the data of Hudson et al. [3] relating to cyclohexane. The fourth column
contains the spectral shifts 4v, defined as Av=v,—v,, where v, and v, are the posi-
tions of the bands due to the hydrogen-bonded and free p-nitrophenol, respectively,
in the wavenumber scale. For the three solvents studied, viz., benzene, chlorobenzene,
and o-dichlorobenzene, the determined values of v, are 33500, 33200, and 33000
cm~!, respectively. The method used for the determination of the position of the
bands was described in [2]. The uncertainty in the quoted values of the spectral
parameters is estimated as +50 cm ™!, corresponding to +0.5 nm in the wavelength
scale. In further columns of Table II are listed the values of the enthalpy change
(4H), and the entropy change (4S) of the reactions considered, relating to 25°C.
The uncertainty in AH is estimated as + 0.5 kcal, while that in 4S as +1.5 cal K-,
For the systems involving pyridine, ethylamine, and tributylamine in chlorobenzene
as well as in o-dichlorobenzene solution, for which two sets of experimental data
have been obtained, the mean values of 4H and A4S are given in Table II.

Inspection of the data listed in Table II shows that the negative enthalpies of
the type (1) reactions increase, in general, with the increasing red shift of the band
induced by hydrogen bond formation. This agrees with what might be expected
on purely speculative grounds, while taking into account the basic relation

4) heAv=AH,— AH

where 4H, and AH are the enthalpy changes of the type (1) reactions taking place
in the excited Franck—Condon state and in the ground state, respectively. It may
be assumed that 4H,>AH and, consequently, Av<0 for those excited states in
which the proton donating power of the OH group is higher than in the ground
state. The fact that 4v<0 for the UV band of p-nitrophenol clearly indicates that
the OH bond in the corresponding excited state is more polar than in the ground
state, obviously as a result of the reduction in the n-electron density at the oxygen
atom brought about by the electronic transition. This agrees with the simplified
interpretation of the band as being due to the intramolecular charge-transfer [6].
It seems reasonable to assume that 4H,, the energy of the hydrogen bond formed
in the excited Franck—Condon state, be proportional, in the first approximation,
to 4H, the energy of the bond formed in the ground state with the same base in
the given solvent. Thus, putting 4H,=kAH in Eq. (4) we obtain

®) AH=a-Av

where a=hc/(k—1). Fig. 4 provides a check on this expected relation. The majo-
rity of experimental points (open circles) correspond to chlorobenzene as the
reaction medium, while the rest relate to benzene or o-dichlorobenzene. The data
of Hudson et al. [3], relating to cyclohexane, have also been indicated. Inspection
of Fig. 4 shows that the dependence of — 4H on — Av may satisfactorily be approxi-
mated by a straight line having zero intercept, in accordance with the above expecta-
tion. The relation simply reflects the fact that 4H, and AH increase or decrease
in a constant proportion on passing from one system to another. However, unex-
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pected is the fact that the correlation seems to be unique for the group of solvents,
to which the data relate, including cyclohexane. Thus it may be noted that on passing
from cyclohexane to benzene, chlorobenzene, or o-dichlorobenzene the position
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Fig. 4. Correlation between — AH and — Av of the type (1) reactions involving p-nitrophenol and
different amines in different media

Benzene (@), chlorobenzene (0), o-dichlorobenzene (®), and cyclohexane (%) solution. For the notation of the points

see Table IT
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Fig. 5. Correlation between 4.5 and AH of the type (1) reactions involving p-nitrophenol and different
amines in different media

The notation of the points the same as in Fig. 4
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of the band being due to either free or hydrogen-bonded p-nitrophenol change«
significantly, indicating marked changes in the interaction between the solute and
the solvent.

Another interesting observation is that the negative entropies of the type
(1) reactions also increase with either the increasing red shift of the band under
consideration or the increasing energy of the hydrogen bond, as characterized by
the value of 4H. Fig. 5 shows the plot of A4S vs. — AH for the type (1) reaction of
p-nitrophenol. Again, the correlation seems to be linear and unique for different
solvents. It can be noted that the negative entropies are in general smaller than the
expected value of approx. 25 e.u. for the purely translational contribution to the
overall entropy change of the type (1) reactions. If the observed variations in the
entropy of this reaction with varying nature of the amine were due to solvation
effects, the correlation between 4S and AH could not be unique for different sol-
vents, especially when they differ in polarity. Therefore, it seems more probable
that the variations in the entropies of the type (1) reactions of p-nitrophenol are
determined by some internal degrees of freedom closely related to the strength
of the hydrogen bond in the DHB complex. However, for a fuller understanding

of the significance of the two correlations found in this work, further study seems
to be necessary.

INSTITUTE OF CHEMICAL ENGINEERING, TECHNICAL UNIVERSITY, MAJAKOWSKIEGO 11. 80-952
GDANSK

(INSTYTUT INZYNIERII CHEMICZNEJ, POLITECHNIKA, GDANSK)
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B. JIuGycp, 3. Hdaytap, B. Mocka, AcCONMAMOHHLIC PABHOBECHS p-HUTpOheHona ¢ amumamu. 1V.
Koppensimun Mekay cnexTpanbHbIMH M TEPMOAMHAMHYECKMMH J(dieKTaMu

Conepxanne. ViccnemoBanbl crieKTpanbHbie 3MEXTH! B YIbTPa-HONETOBONH YacTH CIIEKTpa, a
TaKKe TEPMOAMHAMUYECKHE IDDEKTHI COMYTCTBYIONINE OOPa30BAHMIO BOLOPOJHOM CBAZM MEKIY
P-HUTPOQEHONOM C TPHITHIAMHUHOM, & TAKKE TPU-1-OyTHIAMHHOM B Cpeie XJI0pOeH3ona u o-
nuxjopbensona. OnpenenaeHbl KOHCTAHTBI XHMHYECKOTO paBHOBecHst peakunu DH+ B=DHB
(DH=p-uutpodenon, B=ocHoBaHME), a COOTBETCTBYIOLIAE MM KOHCTAHTHI pPaBHOBECHUS ObLIU
BBIMAC/ICHBI M3 TEMIEPATYPHBIX 3aBUCHMOCTEH KOHCTaHT paBHOBecHs. KOHCTaTMpOBAaHO, 4YTO
NEHTEPALUs p-HUTPOPEHONA HE BBI3BIBACT 3aAMETHBIX M3MEHEHHI TAaK B BICKTPOHHBIX CITeKTpax,
Kak ¥ B TEPMOOUHAMMYECKHX BEIMYMHAX OOpa3yIOMXCSl KOMIUIEKCOB. KOHCTATUPOBAHO Takxke
CYLIECTBOBAHME JIMHEHHOM KOppessiunu Mexny AH n Av, u mexny AH u AS, Toli-ke camoit mist
Pa3sHBIX pPacCTBOPHUTENEH, rae Av 0003HA4YaeT MMepeMENIEHUE B HANPABICHUM MEHBIIUX YaCTOT
yIbTPadHONETOBOM ITONOCHI p-HATPOGEHONA BEIB3BAHHOE OOpAa30BAHUEM BOJAOPONHOU CBS3H,
Toraa kak AH u AS ABNSIOTCSt COOTBETCTBEHHO W3MEHEHNEM JHTAJBINN ¥ M3MEHEHHEM SHTPOTUHA
BBLILIETTPUBEICHHOM PEAKIINN.



